Purpose and Scope
The purpose of this report is to describe the results of a study to develop discharge ratings for the control structures at McHenry Dam. The methods are limited in scope to three types of flow free weir, free orifice, and submerged orifice that occurred during the study period.
Approach
Discharge ratings at McHenry Dam are affected by headwater and tailwater stages, and gate openings. Because it was not feasible to make measurements under all hydraulic conditions, measurements were made to determine discharge coefficients in equations that relate discharge to headwater depth, tailwater depth, and gate openings. Discharge coefficients were then related to depths and gate openings applicable to each measurement.
Standard Survey techniques (Buchanan and Somers, 1969) were used to make discharge measurements. Current-meter measurements of low flows were made by wading across the spillway crest and wading 50 feet (ft) downstream from the sluice gates. Medium and high flows were measured from a boat about 100 ft upstream from the gates and 150 ft upstream from the spillway ( fig. 2 ).
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DESCRIPTION OF McHENRY DAM
McHenry Dam is located at river mile 97.8 on the Fox River in northeastern Illinois ( fig. 1 ). The drainage area at the dam is 1,250 square miles (mi^). The 8,900-acre reservoir created by the dam is part of the Fox Chain O 1 Lakes and is used primarily for recreation and flood control. The control structures at the dam consist of five sluice gates, a spillway, a fish ladder, and a navigation lock. The sluice gates (figs. 2, 3) are operated to regulate discharge when the headwater-pool stage is below the crest of the spillway. Each sluice gate is 13.75 ft wide and can be raised to a maximum opening of 9.0 ft to regulate flow under the gate; flow over the top of the gates does not occur. The sill on which a closed gate rests ( fig. 4) is at an elevation of 731.15 ft above sea level. All gates are set to similar openings, ranging from 0 to 9 ft, to maintain the headwater-pool stage at 4.00 ft during the recreational season, April through October. Headwater-pool stages are referenced to a datum of 733.00 ft above sea level. In November of each year, the sluice gates are gradually adjusted to lower the headwater pool to a stage between 1.5 and 2.0 ft to provide storage for flood control during spring runoff. The tailwaterpool stage, which is referenced to a datum of 730.15 ft above sea level, can be partially regulated during floods by adjustment of the sluice-gate openings.
The spillway is a broad-crested, concrete and stone-faced weir that is arced upstream and measures 282 ft along the arc. Water begins to flow over the spillway (figs. 2, 5) when the headwater pool rises above the weir-crest elevation of 736.68 ft. A 6-foot-long fish ladder, also having a crest elevation of 736.68 ft, is adjacent to and in the same approach section as the spillway (figs. 2, 5). The discharge rating for flow over the spillway includes flow over the 6-foot-long fish ladder.
DISCHARGE RATINGS
The four flow regimes that may occur at dams are discussed by Collins (1977 (table 2) were made during free weir flow over the spillway. Free weir flow over a spillway, as defined by Collins (table 1) , occurs when the ratio of tailwater depth (h3 ) to headwater depth (h-j) is less than 0.6. Both depths are referenced to the spillway crest, The greatest submergence ratio (h 3/h 1 ) measured for the spillway was only 0.20, Submerged weir flow, which occurs when the submergence ratio (h3/h^) is equal to or greater than 0.6, did not occur during the study period; thus, the general submergence ratio suggested by Collins (0.6) is assumed to be applicable for the spillway.
Upstream pool stage for the discharge measurements ranged from 4.05 to 5.90 ft, and discharge ranged from 169 to 2,990 cubic feet per second (ft3/s). The discharge coefficients for free weir flow defined by the measurements ranged from 2.61 to 3.14 (table 2). The relation between headwater depth (h-j) and free weir discharge coefficient for the spillway is shown in figure 6 . The resulting equation relating the discharge coefficient for free weir flow to headwater depth is Cw = 2.94 h-,0.087 . where h-j is the headwater depth above the spillway crest. Discharges for free weir flow over the spillway are given in table 3 and are extrapolated to include the historical peak stage of 6.36 ft.
Sluice gates
Nineteen discharge measurements, ranging from 180 to 4,050 ft3/s, were made to describe flow under the sluice gates. Characteristics of flow and the discharge coefficient associated with each measurement are listed in table 2. Discharge coefficients, required for the equations of flow (table 1), were determined for free weir, free orifice, and submerged orifice flow. Submerged weir flow did not occur during the study period.
Nineteen measurements of discharge, stage, and gate opening provided data for identifying the flow regimes for the sluice gates at McHenry Dam. The criteria for identifying free weir flow are that the ratio of gate opening (hg) to headwater depth (h-j) is greater than 0.73, and the ratio of tailwater depth (113) to the headwater depth is less than 0.75 ( fig. 4) . Submerged weir flow occurs when hq/h-j is greater than 0.73, and h3 /h 1 is greater than 0.75. Orifice flow occurs when hq/h-| is less than 0.73 (the bottom of the gate must be touching the water surface) and is free orifice flow when the submergence ratio (ho/hg) is less than 1.3. Submerged orifice flow occurs when the submergence ratio is equal to or greater than 1.3.
Free weir flow under the sluice gates occurred during measurements 1, 3, 9, 17, and 23 (table 2). The headwater-pool stage ranged from 2.64 to 5.20 ft, and the discharge ranged from 2,100 to 4,050 ft /s. A discharge coefficient for free weir flow of 3.17 was defined by. the measurements (fig. 7) . Discharge for free weir flow under five sluice gates is computed by using using equation 3 in table 1 and a coefficient of 3.17. The resulting equation of discharge is Q = 218 (h^1 ' 5
where h-j is headwater depth above the sluice-gate sill. Discharges for free weir flow are given in table 4.
Measurements 2, 4, 6-8, 10-12, 14, 16, 18, and 19 were used to calculate discharge coefficients for free orifice flow. Discharge coefficients varied from 0.48 to 0.66 for free orifice flow for a range of gate openings ( fig. 8 ) The resulting equation relating the discharge coefficient for free orifice flow to gate opening (h g ) is C = 0.57 (hg )"°-084 . Figure 7 . Relation between discharge coefficient for free weir flow and headwater depth for sluice gates. where hg is sluice-gate opening and h 1 is headwater depth above the sluicegate sill. The relation between upstream-pool stage, gate opening, and discharge is presented in table 5.
HEADWATER DEPTH (h,), IN FEET
Measurements 21 and 22 were made during submerged orifice flow. The submergence ratio (h3/hg ) for measurement 21 was 1.50 with a coefficient of 0.59. Measurement 22 had a submergence ratio of 1.33 and a coefficient of 0.67. The relation between the discharge coefficient for submerged orifice flow and submergence ratio is illustrated in figure 9 . The resulting equation relating the discharge coefficient for submerged orifice flow to the submergence ratio (h 3/h g ) is Figure 9 . Relation between discharge coefficient for submerged orifice flow and submergence ratio for sluice gates. 00 Submerged orifice coefficients and the submergence ratio (h3/hg ) generally plot on logarithmic paper as a straight line when submergence ratios are greater than 2.0 (Collins, 1977) . For ratios less than 2.0, coefficients may be greater than those extrapolated from the straight line relation. The discharge coefficients for submergence ratios greater than 2.0 may be greater than those illustrated in figure 9 because the submergence ratios for discharge measurements 21 and 22 were less than 2.0. Additional discharge measurements are needed to determine if the discharge coefficients for submerged orifice flow are applicable when submergence ratios (h3/hg ) are greater than 2.0.
Evaluation of ratings
The discharge of the Fox River over the spillway and fish ladder and through the sluice gates at McHenry Dam can be calculated from records of headwater-and tailwater-pool stages and gate openings using equations of discharge for free weir, free orifice, and submerged orifice flow regimes which are summarized in table 6. Hydraulic conditions used to identify flow regimes are also summarized in table 6. Discharge for free weir and free orifice flow can also be obtained from tables 3, 4, and 5. 
'
Submerged weir flow did not occur during the study; therefore, discharge coefficients were not determined. Based on observations of flow during the near-record flood of September-October 1986, it is probable that the occurrence of submerged weir flow is rare. On occasions when it could have occurred, the operating procedure of the dam prevented it. 
Computation of discharge
The following are examples of how discharge may be calculated using equations in table 6 and discharge from the rating tables for free orifice and free weir flow.
Example 1: The following conditions exist:
Headwater-pool stage is 5.20 ft, tailwater pool stage is 3.0 ft, and all gates are out of the water.
Flow through the sluice gates is determined by first converting the stages to depths above the sluice-gate sill. This is done by adding the difference between headwater gage datum and the elevation of the sill (1.85) to the headwater stage and then subtracting the difference between the tailwater gage datum and the elevation of the sill (1.00) from the tailwater stage. Flow over the spillway and through the fish ladder is determined by first converting the headwater stage to depth above the spillway crest. This is done by subtracting the difference between headwater gage datum and the elevation of the spillway crest Headwater-pool stage is 3.68 ft, tailwater-pool stage is 3.70 ft, and five gates are set to 3.0 ft each.
First, pool stages must be converted to depths above the sluice-gate sill. Alternately, the discharge may be computed from table 6 for an upstreampool stage of 3.68 ft.
Free orifice flow under five sluice gates = 2,020 ft3 /s.
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Example 3: The following conditions exist:
Headwater-pool stage is 5.90 ft, tailwater-pool stage is 6.98 ft, and five gates are set to 4.0 ft each. First, the pool stages must be converted to depths above the sluice-gate sill. Twenty-three discharge measurements were used to develop discharge ratings for the control structures at McHenry Dam on the Fox River. Discharge ratings were developed for free weir flow over the spillway and fish ladder; and free weir, free orifice, and submerged orifice flow under the sluice gates. Hydraulic conditions that identify flow regimes at McHenry Dam were defined by ratios between headwater depth (h-j), tailwater depth (h3 ), and gate opening (hg ). Flow under the sluice gates was identified as weir flow when the ratio of gate opening (hg) to headwater depth (h^) is greater than 0.73 and as orifice flow when hg/h-j is less than 0.73. Free orifice flow occurs when the ratio of tailwater depth (h 3 ) to gate opening (h g ) is less than 1.3,
